The effect of vibrational motion on resonant charge transport through single molecule junctions is investigated. The study is based on a combination of first-principles electronic structure calculations to characterize the system and inelastic scattering theory to calculate transport properties.
I. INTRODUCTION
Recent advances in experimental studies of single molecule conduction [1, 2, 3, 4, 5, 6, 7, 8, 9] have stimulated great interest in the basic mechanisms which govern electron transport through nanoscale molecular junctions [10, 11, 12 ]. An interesting aspect that distinguishes molecular conductors from mesoscopic semiconductor devices is the possible influence of the nuclear degrees of freedom of the molecular bridge on electron transport. Due to the small size of molecules, the charging of the molecular bridge is often accompanied by significant changes of the nuclear geometry. The current-induced excitation of the vibrations of the molecule may result in heating of the molecular bridge and possibly breakage of the junction.
Conformational changes of the geometry of the conducting molecule are possible mechanisms for switching behavior and negative differential resistance [13] . Furthermore, the observation of vibrational structures in conduction measurements allows the unambiguous identification of the molecular character of the current.
Vibrational structures in molecular conductance were observed, for example, in electron transport experiments on H 2 , HD, and D 2 between platinum electrodes [14] using the mechanically controllable break junction technique. Thereby, changes in the conductance were assigned to switching between two different local geometrical configurations induced by the transverse motion of the molecule. The observed vibrational structures could be classified as longitudinal or transversal [15] . In studies of C 60 molecules between gold electrodes [2] the center of mass motion of the molecular bridge was observed. Other experiments on this system [16, 17] as well as on C 70 [7] , (C 70 ) 2 [18] , and copper phtalocyanin [6] on an aluminum oxide film showed structures which were related to the internal vibrational modes of the molecule. The aluminum oxide layer in the latter experiment acted as an insulating layer, which effectively reduces the electronic coupling between the molecule and the metal substrate thus facilitating the effect of vibrational motion on the conductance. In another STM experiment [19] , pronounced progressions of vibrational modes were observed and the dependence of the vibronic coupling on the spatial position of the STM-tip was demonstrated. Moreover, vibrational signatures of molecular bridges have also been observed in off-resonant inelastic electron tunneling spectroscopy (IETS) [20, 21] .
This tremendous experimental progress has inspired great interest in the theoretical modelling and simulation of vibrationally-coupled electron transport in molecular junc-tions [22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37] . In the low-voltage, off-resonant transport regime combinations of electronic-structure calculations and nonequilibrium Green's function theory (NEGF), employing the self-consistent Born approximation (SCBA), have been used to investigate vibrational signatures in IETS [25, 26, 27] .
Other approaches used to describe inelastic features in the off-resonant region include scattering theory combined with an expansion of either the molecular Green's function to first order in vibronic interaction [28] or the systems wavefunction in the nuclear coordinates [29] .
The majority of the studies of vibronic effects in the resonant tunneling regime (for higher voltages) have been based on generic tight-binding models, using an NEGF approach based on the equation of motion method on the Keldysh contour [30] , or kinetic rate equations to calculate the current [31, 32, 33, 34, 35, 36] . These model studies have demonstrated that the vibrational motion of the molecular bridge may affect the current-voltage characteristics significantly.
Many of the studies of vibrationally-coupled electron transport reported so far invoke approximations which restrict their applicability either to small electronic-vibrational coupling, small molecule-lead coupling or separability of the vibrational modes. To circumvent this limitation, we recently proposed an approach [38, 39, 40] , which is based on inelastic multi-channel scattering theory and the projection-operator formalism of resonant electronmolecule scattering [41] . Within the single-electron description of electron conduction, this approach is valid for strong electronic-vibrational and molecule-lead coupling and thus allows the study of electron transport in the resonant regime.
In previous work [38, 39] , we have applied this formalism to study vibronic effects in molecular conductance based on generic models for molecular junctions. In a recent short communication [42] , we have combined the scattering theory approach with first-principles electronic-structure calculations to characterize the molecular junction. In this paper, we give a detailed description of the methodology including a derivation of the model Hamiltonian for hole transport, a description of the partitioning method used to determine the parameters of the Hamiltonian by first-principles electronic structure calculations and an outline of the scattering theory approach. The methodology is applied to study vibronic effects on conductance in molecular junctions where a benzene ring is connected via alkanethiol bridges to two gold electrodes (Au-S-(CH 2 ) n -C 6 H 4 -(CH 2 ) n -S-Au, cf. Fig. 1 ). This class of molecular junctions was chosen, because the change of the length of the alkyl chain, n, allows a systematic variation of the coupling between the electronic π-system of the phenyl ring and the gold electrodes and thus a variation of the lifetime of the electron on the molecular bridge. Our previous studies show that, due to the strong molecule lead coupling, benzenethiolate (corresponding to n = 0) between gold electrodes exhibits only minor vibronic effects [42] . In this work, we consider benzene-di(ethanethiolate) (n = 2) and benzene-di(butanethiolate) (n = 4), which correspond to moderate and weak molecule-lead coupling, respectively.
II. THEORY A. Charge transport model Hamiltonian
To study charge transport through single molecule junctions employing inelastic scattering theory, we use an effective single-particle model Hamiltonian with parameters determined by first-principles electronic structure calculations. In this section we briefly outline the derivation of the Hamiltonian.
The Hamiltonian of a metal-molecule-metal (MMM) junction including the electronicnuclear interaction is given by the generic expression (we use atomic units whereh = e = 1),
Here T n denotes the kinetic energy of the nuclei,
where p a is the momentum and M a is the mass of nucleus a. The Coulomb interaction of the nuclei is given by
where Z a is the atomic number and R a denotes the Cartesian coordinates of the position of nucleus a. The electronic Hamiltonian, H e (R) includes the kinetic energy and the Coulomb interaction of the electrons as well as the electronic-nuclear Coulomb interaction and depends parametrically on the nuclear coordinates R.
We first focus on the electronic degrees of freedom and consider the equilibrium situation without bias voltage at zero temperature. In this case, the junction is in its electronic ground state. Employing an effective one particle description, the ground state is given by a single
, where |0 denotes the vacuum state, the operator c † i creates an electron in the single particle state (molecular orbital) i and the product is taken over all n el electrons in the neutral junction. |Ψ g is an approximate solution of the electronic Schrödinger equation,
with eigenenergy E g (R), which parametrically depends on the nuclear coordinates. The energy E g (R) + V nn (R) represents the adiabatic potential energy surface of the electronic ground state, which will serve as a reference state in the following.
If an external voltage is applied to the MMM-junction, electrons (or holes) are transferred from an external reservoir to the junction and vice versa, i.e. the number of electrons on the junction, n el , will change. Here we consider charge transfer processes which result in one additional electron (corresponding to the anion) or one additional hole (corresponding to the cation) on the junction. Within Koopmans' theorem the energy of a cation is given by subtracting the energy of the single-particle state (molecular orbital), from which the electron was removed, from the energy of the neutral ground state. The energy of an anion, on the other hand, is given by adding the energy of the single-particle state that was occupied to the energy of the neutral ground state. An electronic Hamiltonian that can describe both situations is given by [43] H e (R) = E g (R) − j∈occ. 5) where the index j labels all orbitals that are occupied in the neutral reference state, while the index i labels all orbitals that are unoccupied in the neutral reference state. Thereby, effects due to electron-electron correlation and orbital relaxation have been neglected [44] .
If the electronic spectrum of a molecular junction is such that the levels, which contribute to conduction, are all located far below or far above the Fermi energy, the third or second term in Eq. (2.5) can be neglected, respectively. In the latter case the current is dominated by electron transport, while in the former case hole transport prevails. Thus in the two limiting cases, we obtain the electronic Hamiltonian
for electron or hole transport, respectively. In all applications considered below, the transport is dominated by hole transport. Therefore, we will consider in the following only this case. A more detailed discussion and comparison of both cases is given in Ref. 45 .
To describe charge transport trough a molecular junction it is expedient to partition the overall system into the molecule and the left and right leads. As will be described in more detail in Sec. II B, this results in a splitting of the second term in Eq. (2.6b) into three terms, describing the molecule, the left electrode, and the right electrode separately,
Here the indices m and k denote orbitals that are either localized on the molecule (M), or on the left (L) or right (R) lead, respectively, c † m and and c † k are the corresponding creation operators, and V mk describes the coupling between molecule and leads. In Eq. (2.7), we have assumed that direct interactions between left and right lead can be neglected and that the energies of the lead states E k , as well as the coupling matrix elements, V mk , are approximately independent on the nuclear coordinates [46] .
In the applications considered below, we use the harmonic approximation for the nuclei.
In this approximation, the potential energy of the nuclei in the electronic ground state,
, is expanded up to second order in the nuclear coordinates around the equilibrium geometry (R eq ) of the neutral molecule. This results in the following expression for the nuclear Hamiltonian of the neutral reference state 8) where ω l is the frequency of the lth vibrational normal mode of the molecule with dimensionless coordinate q l and a † l , a l denote the corresponding creation and annihilation operators. Employing, furthermore, an expansion of the molecular energies E j (R) up to first order around the equilibrium geometry of the neutral molecule, the overall Hamiltonian for hole transport is given by
Here, we have introduced the electronic-vibrational (vibronic) coupling parameters
The linear form of the vibronic coupling implies that only normal modes belonging to the totally symmetric representation of the respective symmetry group have a non-vanishing coupling constant. The harmonic approximation of the nuclear potential employed in Eq.
(2.9) is valid for small amplitude motion around the equilibrium geometry. For a treatment of large amplitude (e.g. torsional) motion in molecular junctions, see Ref. 39 .
The Hamiltonian derived above can be used within different methods to study transport properties of molecular junctions, e.g. density matrix theory [47] or nonequilibrium Green's function approaches [48] . In this paper we use it in combination with inelastic scattering theory. When employing scattering theory it is expedient to represent the Hamiltonian in terms of effective single-particle states for the electronic degrees of freedom. In the case of hole transport, the relevant single particle states are |φ m = c m |Ψ g , |φ k = c k |Ψ g , which describe an additional hole on the molecule or the leads, respectively. The effective single-particle representation of the Hamiltonian is obtained by projecting Eq. (2.9) onto the single-particle space, i.e.
with
The negative signs in Eq. (2.11) are due to the fact that we consider hole transport. The
Hamiltonian for electron transport can be derived in a similar way and is explicitly given in Ref. 45 . It is noted, that for purely electronic transport calculations (i.e. without vibronic coupling, κ (m) l = 0), the different Hamiltonians for electron and hole transport give the same current-voltage characteristic. Including vibronic coupling, this is, however, no longer the case [45] .
B. First-principles determination of parameters
The parameters of the Hamiltonian (2.11) describing the molecular junction are determined by first-principles electronic structure calculations. To this end, the overall junction is partitioned into five parts: The molecular part, the part of the left and right electrodes that is explicitly included in the quantum chemistry calculation (in the following referred to as the contacts), and the remaining parts of the left and right electrodes. The molecule and the contacts form the extended molecule and are treated explicitly by quantum chemistry calculations. The influence of the remaining part of the electrodes is taken into account implicitly employing the surface self energy of a gold (111) surface.
Electronic structure methods
The parameters for the explicitly calculated part of the molecular junctions were determined employing electronic-structure calculations performed with the TURBOMOLE package (V5-7) [49] using density functional theory (DFT) with the B3-LYP hybrid functional and the SV(P) basis set including ECP-60-MWB on the gold atoms.
The final structure of the three systems considered (cf. Fig. 1 ) was the result of several optimization cycles: A full geometry optimization of the isolated neutral molecule was followed by a full geometry optimization of the system obtained after replacing the hydrogens on sulfur by two gold atoms. Covalent bonding to two gold atoms is the preferred bond formation if no symmetry constraints are applied [4, 50] . Finally, a second metal layer containing five gold atoms was added on both sides and the geometry of the system was again optimized, thereby keeping the internal coordinates of the second gold layer fixed.
The final geometry of the metal contacts was obtained by increasing the second layer by several atoms and/or adding two more metal layers, which are cutouts of the (111)-plain of the face-centered-cubic lattice of solid gold. A single point DFT calculation was performed on this system. The Fermi energy was approximated by the average value of the energies of the HOMO and LUMO.
Partitioning method and electronic parameters
The electronic structure calculations discussed above result in delocalized molecular orbitals for the extended molecule. To determine the single-particle states |φ j , |φ k employed in the Hamiltonian (2.11), which are localized on the leads or the molecule, respectively, and the corresponding electronic energies and coupling parameters, we employ a partitioning method. This method is based on the following four steps: (i) separation of the overall Hilbert space into left contact, molecule, and right contact, (ii) partitioning of the Hamiltonian according to this separation, (iii) introduction of a self energy to describe the influence of the remaining infinite electrodes (iv) separate diagonalization of the three blocks of the partitioned Hamiltonian. The detailed procedure is discussed in the following.
As was mentioned above, in the present paper we work within an effective single-electron picture. Thus we identify the effective electronic Hamiltonian with the Kohn-Sham matrix, F , of the self-consistent-field DFT calculation. The Kohn-Sham matrix is represented in a set of atomic orbitals |χ n . To separate the overall Hilbert space into three mutually orthogonal subspaces describing the molecule and the two contacts, the following projection procedure was employed: First, the set of atomic orbitals of the overall system, {|χ n } is divided into three groups, which are centered at the left contact, the molecule, and the right contact, respectively. Since it is advantageous to work with orthogonal orbitals [51, 52] , the set of atomic orbitals of the overall system is orthogonalized according to Löwdin [53, 54] 
where S denotes the atomic orbital overlap matrix with elements S ln = χ l |χ n . The new basis functions obtained, |χ n , exhibit a minimal deviation from the original ones in a leastsquare sense and hence, their localization is preserved. In particular, the classification into the three groups (left contact, molecule, right contact) is still valid.
The new set of orthogonal basis functions {|χ n } is then used to partition the Kohn-Sham matrix from the converged DFT calculation into the three subspaces. The Kohn-Sham matrix in the orthogonal basis is given bỹ
According to the separation of the orthogonalized basis set to the three groups -left contact, molecule, right contact -the transformed Kohn-Sham matrix can be arranged in the following block structureF
The thus obtained Kohn-Sham matrix describes the extended molecule, which includes a part of the electrodes. To incorporate the influence of the remaining (infinite) parts of the electrodes, we use a surface Green's function technique. Within this method, the influence of the remaining part of the electrodes is described by the corresponding self energy. Within the Green's-function formalism employed below to calculate transport properties this amounts to adding the self energy to the Kohn-Sham matrix elements belonging to the gold atoms of the outermost layer of the contacts
The surface self energy Σ sf was obtained by calculating the surface Green's function for a (111) gold surface representing the semi-infinite electrode [55] . The surface Green's function of a gold (111) surface was determined using a generalization of the method developed by Sancho et al. [56] . Thereby, the (111) surface of gold was described by a tight binding model [57] . Thereby, we have neglected nondiagonal contributions, which correspond to coupling between different gold atoms. It is noted that due to the added self energy, the Kohn-Sham matrix is no longer real but complex symmetric
In the final step, the three different blocks of the Kohn-Sham matrix F tot are diagonalized separately. Denoting the matrices of right eigenvectors for the three subspaces as U L , U M , U R , respectively, the Kohn-Sham matrix is transformed to the new basis of eigenvectors
where
The elements of the thus transformed Kohn-Sham matrixF determine the electronic parameters of the model Hamiltonian (2.11): The diagonal submatrices E L and E R contain the lead energies E k , the diagonal submatrix E M contains the eigenenergies of the molecular bridge and the submatrices V describe the electronic coupling matrix elements V km between states localized on the leads and the molecule. In all our model systems, the distance between the two metal clusters is relatively large, Therefore, direct lead-lead coupling was small enough to be neglected.
The electronic states in the Hamiltonian (2.11) can be identified with the eigenstates of the three different blocks of the Kohn-Sham matrix and are related to the original atomic orbital basis via
where α ∈ L, M, R. While the eigenvectors of F tot M , |φ m , form an orthogonal basis in molecular space, the eigenvectors of the non-Hermitian matrix F tot L , |φ k , form a bi-orthogonal basis in the left lead space. Their overlap, φ k |φ k ′ = S U k δ kk ′ , where |φ k is the right eigenvector of F tot L and φ k | is its transposed, is in general a complex number. The same is true for the right lead space. We note that a similar separation scheme was employed in the study of electron transfer dynamics in dye-semiconductor systems [58] .
Nuclear parameters
To characterize the nuclear degrees of freedom of the molecular bridge and determine the corresponding parameters in the Hamiltonian (2.11) a normal mode analysis on an extended molecule including two gold layers (i.e. five gold atoms on each side) was performed.
Thereby, the atomic mass of the gold atoms was set to 10 9 atomic mass units to separate the nuclear motion in the molecular bridge from that of the gold clusters.
The electronic-nuclear coupling constants κ
were obtained from the numerical gradi-ents of the energies E j with respect to the dimensionless normal coordinates q l ,
To this end, two DFT calculations with molecular geometries elongated by ±∆q l = ±0.1 from the equilibrium geometry were performed. The value of ∆q l = 0.1 was chosen based on convergence tests.
C. Observables of Interest
Several observables are of interest to characterize the effects of vibrational motion on charge transport through single molecule junctions. Here, we will focus on the inelastic transmission probability, which describes the transmission process of a single electron or hole through the molecular junction, and the current-voltage characteristics. In all the examples considered below, the transport is dominated by hole transport. The inelastic transmission probability of a single hole from the left to the right lead as a function of initial and final energy of the hole is given by the expression
Here, the δ-function accounts for energy conservation,
and E ν f being the energy of the initial and final vibrational states |ν i , |ν f , respectively, −E i and −E f are the initial and final energies of the hole, G(E) = (E + − H) −1 is the Green's function, and P ν i = ν i |ρ 0 |ν i denotes the population probability of the initial vibrational state, ρ 0 = e −H n0 /(k B T ) /Z. In the systems considered in this work, the hole couples primarily to modes with relatively high frequencies. As a result, thermal effects are not expected to be of relevance and the initial vibrational state is assumed to be the ground state, i.e. ρ 0 = |0 0|. The total transmission probability, T R←L (E i ), is obtained by integrating T R←L (E i , E f ) over the total range of final energies of the hole.
To calculate the transmission probability, the Green's function G(E) in the expression for the transmission probability is projected onto the molecular space using the projection
This results in the expression
where the trace is taken over the electronic states on the molecule (M) and the Green's function projected onto the molecular bridge is given by
Here, Σ lead L/R (E) denote the self energy due to coupling to the left and right lead, respectively
where Γ L (E) and ∆ L (E) are the corresponding width and level-shift functions. The matrix elements of the self energy in the molecular space are given by
It should be emphasized that the thus defined self energy Σ lead L (E) corresponds to hole transport. It is related to the commonly used self energy for electron transport, Σ
In the practical calculations, the latter self energy is obtained using the partitioning method outlined above and is explicitely given by
and analogously for Σ 
Based on the transmission probability (Eq. 2.23), the current through the molecular junction is obtained using a generalized Landauer formula [60] 
where f L (E), f R (E) denote the Fermi distribution for the left and the right lead, respectively, taken at zero temperature.
While equations (2.21) and (2.23) for the single-hole transmission probability involve no approximation, expression (2.29) for the current is valid if many-electron processes are negligible. In particular, non-equilibrium effects in the leads and electron correlation due to electronic-vibrational coupling are not taken into account. Furthermore, it is implicitly assumed, that the nuclear degrees of freedom of the molecular bridge relax to the vibrational equilibrium state after scattering of a hole. For the applications considered below, comparison with calculations based on nonequilibrium Green's function methods indicate that these assumptions are justified [48] . Without vibronic coupling the expression for the current, Eq. (2.29), reduces to the usual Landauer formula [61] .
In principle, the basis states |φ m , |φ k , the hole energies and the nuclear parameters depend on the bias voltage. For the studies in this work, we did not include the voltage self-consistently in the DFT calculation but used, for simplicity, parameters obtained from electronic-structure calculations at equilibrium and assumed that the bias voltage V enters the formulas only via the chemical potentials of the leads µ L/R = ǫ f ± eV /2, where ǫ f denotes the Fermi energy. The energies of the lead states for finite voltage are thus given by E k ± eV /2. Since we do not invoke the wide-band approximation, the Green's function G M , the self energies Σ lead L/R as well as the width functions Γ L/R also depend on the bias voltage.
FIG. 1: The three molecular junctions investigated: benzene-di(ethanethiolate) (BDET) between
pyramidal gold contacts (top), BDET between cuboid-shaped gold contacts (middle), and benzenedi(butanethiolate) (BDBT) between pyramidal gold contacts (bottom).
III. RESULTS AND DISCUSSION
The theoretical methodology outlined above has been applied to study vibrational effects in electron transport through the three different molecular junctions depicted in Fig.   1 , which include benzene-di(ethanethiolate) (BDET) between pyramidal and cuboid-shaped gold contacts as well as benzene-di(butanethiolate) (BDBT) with a pyramidal contact geometry. To reduce the computational effort, in the calculations presented below, the four vibrational modes with the strongest vibronic coupling (as determined by the ratio of the electronic-vibrational coupling κ and the electronic coupling Γ) were explicitly taken into account. Furthermore, the number of electronic states |φ m on the molecular bridge, which were explicitly included in the calculation, was reduced by including only those with energies in the vicinity of the Fermi energy (12 for BDET and 6 for BDBT). We first consider the transport characteristics of BDET between two pyramidal gold clusters ( Fig. 1, top panel) . Fig. 2 depicts the four vibrational normal modes of BDET with the strongest vibronic coupling included in the calculation, which can be characterized as:
C-C-C bending ((a) and (c)), C-C-H bending (b), and C-C stretching (d). The correspond-
ing normal mode frequencies and vibronic coupling constants in the two most important molecular orbitals are given in Tab. 1.
The transmission probability of BDET at zero voltage is depicted in Fig. 3 (a) . In addition to the transmission probability based on a vibronic calculation, also the result of a purely electronic calculation (where all vibronic coupling constants κ [42] , where charge transport through BDET was described as electron instead of hole transport, the shift due to nuclear relaxation is in the opposite direction and the higher excited vibrational states in the vibrational progressions are located at lower energies. The 0 0 0 transition peak belonging to state A, which may be expected to be a narrow line, cannot be seen because it is coincidentally shifted into resonance with a sulfur p-state transmission peak. This peak, which does not appear directly in the transmission probability, causes a broadening of the resonance of state A.
The structure resulting from this effect can be seen around peak A but it is too broad to assign individual modes.
The current-voltage characteristic of BDET is shown in Fig. 3 (b) . Due to the symmetry of the junctions, the current fulfills the relation I(−V ) = −I(V ) and, therefore, only the positive voltage range is shown. The result obtained from a purely electronic calculation Fig. 3 (a)), which contribute with different weights (determined by the respective Franck-Condon factors) to the transmission. In contrast to the purely electronic case, the current thus increases in several steps. This effect is well known from previous model studies [35, 38] . Smaller structures in the current-voltage characteristics are more clearly revealed in the differential conductance, dI/dV . Fig. 4 shows the differential conductance of BDET obtained by numerical differentiation of the current in Fig. 3 (b) . Overall, the differential conductance reflects the transmittance of the junction. However, in contrast to the transmission probability at zero voltage (depicted in Fig. 3 (a) Finally, we consider the mechanisms responsible for the NDR effect observed in the results discussed above. As was mentioned above, the NDR effect is caused by the voltage dependence of the self energies. These result in a voltage dependence of the transmission probability which in turn determine the current via the integral in Eq. (2.29). To elucidate the mechanism causing NDR in the purely electronic calculation (dashed lines in Figs. 3 (b NDR effect can only be described, if the energy and voltage dependence of the self energies is taken into account and will be missed within the often used wide-band approximation.
B. Benzenediethanthiolate with a cuboid-shaped gold-cluster geometry
To investigate the influence of the gold-cluster geometry on the transport properties of the molecular junction, we have studied a system where the molecule BDET is bound to gold-clusters with different geometry of cuboid shape (cf. Fig. 1 middle panel) . To build this geometry we started from the optimized two-layer system described above. Next, the number of gold atoms in the second layer was increased from 5 to 12 and two more gold-(111) layers consisting of 12 gold atoms each were added, thus resulting in a metal cluster of 38 gold atoms on each side. For better comparison with the results obtained in Sec. III A, the same value was used for the Fermi energy. The four normal modes and the molecular electronic states included in the calculation are very similar to those in Sec. III A. Fig. 6 (a) shows the zero-voltage transmission probability for this system. The comparison with the corresponding result for the pyramidal gold-cluster geometry (Fig. 3) reveals overall a significant effect of the cluster geometry. Considering specifically the transmission based on the purely electronic calculation, the resonance due to state B is split into three peaks at -1.71 and -1.79 and -1.95 eV. This is caused by the electrode-mediated interaction of state B with both lower and higher lying states, which is more pronounced in the cuboid gold-cluster geometry. In addition, there is a small broad peak at 0.39 eV due to two sulfur p-orbitals, which is missing in the pyramidal geometry. The resonance due to state A in the zero-voltage transmission, on the other hand, is almost unaffected by the geometry of the gold cluster. This is to be expected because state A is exclusively localized on the (dashed line) has a similar appearance as in the system with the pyramidal cluster (cf. Fig. 3 (b) ). Noticeable differences are the earlier onset and the overall larger value of the current as well as the appearance of two (instead of one) maxima with corresponding regions of NDR. The larger current is a manifestation of the overall larger molecule-lead coupling provided by the binding to the cuboid shaped gold cluster. The earlier onset of the current is caused by orbitals localized on the sulfur atoms. The appearance of two maxima is due to the splitting of the resonance peak of state B. We next consider the current based on the vibronic calculation (full line in Fig. 6 (b) ). In contrast to the system with the pyramidal gold custer geometry, vibrational substructures are less pronounced and the current obtained with the vibronic calculation is in some regions significantly larger than that based on the electronic current. Furthermore, NDR effects are only partly quenched by the interaction with the vibrational degrees of freedom.
To conclude this section, the comparison of the data for BDET bound to two different gold clusters shows that the geometry of the gold contact may have a significant influence on the transport properties. This is in accordance with results of Ref. 63 , which show that the transport characteristics of benzenedithiol depends on the surface structure and the lateral size of the electrodes. Our results show that the influence of the gold contact geometry is particularly pronounced for transport through molecular orbitals which have a significant contribution at the boundary to the contacts such as state B in the system studied here. In experiments, where it is often not straightforward to control the molecule-lead binding geometry, this difference may result in fluctuations of the current for different realizations of molecular junctions. 
C. Benzenedi(butanethiolate)
The systems studied in the previous sections are characterized by a moderate moleculelead coupling, corresponding to a relatively short lifetime of the electron on the molecular bridge. Accordingly, vibrational effects are noticeable but not very pronounced. The coupling between the π-system of the molecular bridge and the gold electrodes can be reduced (and thus the lifetime of the electron on the bridge extended) by increasing the length of the alkyl-spacer group. As an example of such a system, we consider in this section electron transport through p-benzene-di(butanethiolate) (BDBT) (cf. Fig. 1, bottom panel) .
Thereby, the contacts were modelled with a gold cluster of pyramidal geometry. The transport properties of this system can be well described including six electronic states localized at the molecular bridge in the calculation. These comprise the states A and B illustrated in Fig. 8 , which are similar as in BDET, and four sulfur p-orbitals. As in the previous system, from all 54 totally symmetric normal modes the four with the strongest vibronic coupling were included explicitly in the calculation. The modes are depicted in Fig. 7 . Their frequencies and coupling constants are given in Table 2 . Fig. 8 (a) shows the zero-voltage transmission probability of BDBT. In contrast to BDET, the transmission probability exhibits well-separated narrow resonance structures. This is respectively. Due to the small coupling, these states exhibit negligible level shift. Including vibronic coupling both peaks are shifted to the respective 0 0 0 transition and pronounced vibrational progressions appear. The individual peak heights correspond to the respective Franck-Condon factors. Table 3 gives an assignment of the most prominent resonances. Fig. 8 (a) . The location of the features are given in eV. Blank entries correspond to transitions that could not be identified because of too small vibronic coupling.
The current-voltage characteristic of BDBT is depicted in 8 (b). The result based on the purely electronic calculation shows two prominent steps corresponding to states A and B at voltages 2.76 V and 3.56 V, respectively. In addition, there is a small current for low voltages and another step-like structure at 2 V. Both features are due to sulfur p-states, which cause a small but very broad peak in the transmission probability around the Fermi level and a small, narrow peak at -1 eV, which can be seen in the transmission probability at 2 V only (data not sown), but not in the zero-voltage transmission. As in the other model systems, NDR effects caused by the same mechanism as for BDET appear at larger voltages. Upon including vibronic coupling, the onset of the current related to states A and B is shifted to lower voltage due to nuclear relaxation. Furthermore, a number of additional steplike structures appear which can be assigned to excitation of the different vibrational modes in states A and B. The most pronounced features are analyzed in Table 4 . The NDR following the last step still exists but is significantly smaller compared to the purely electronic case. Fig. 8 (b) . The location of the features are given in V. Blank entries correspond to transitions that could not be identified, because of too small vibronic coupling.
IV. CONCLUSIONS
In this paper we have studied the effect of vibrational motion on resonant charge transport in single molecule junctions. The methodology used to describe vibrationally coupled charge transport is based on a combination of first-principles electronic structure calculations to characterize the system and inelastic scattering theory. To apply this methodology to systems where the transport is dominated by the occupied molecular orbitals of the junction, we have extended the approach to allow for hole transport.
We have applied the methodology to molecular junctions where a benzene molecule is connected via alkanethiol bridges to two gold electrodes. This class of molecular junctions was chosen, because the change of the length of the alkyl chain allows a systematic variation of the coupling between the π system of the phenyl ring and the gold electrodes and thus a variation of the lifetime of the electron on the molecular bridge. The ratio between the vibronic coupling and the electronic molecule-lead coupling determines the importance of vibronic effects in molecular junctions. The results of this study demonstrate this trend. Our previous work [42] had indicated that in benezendithiolate, which is characterized by rather strong molecule-lead coupling (and thus a very short lifetime of the electron on the molecular bridge), vibrational effects in resonant transport are almost negligible. Benezendibutanthiolate, the system with the smallest molecule-lead coupling investigated, exhibits pronounced vibronic effects. In particular, electronic-vibrational coupling result in a splitting of electronic resonances into vibronic subresonances in the transmission probability. In the currentvoltage characteristic, vibronic effects manifest themselves in steplike structures, which can be associated with vibrational states in the molecular cation. Benezendiethanethiolate is an intermediate case, which shows noticeable though not very pronounced vibronic effects.
The study also shows that electronic-vibrational coupling may result in a quenching of negative differential resistance effects, which are caused by the voltage dependence of the self energies, and a significantly altered overall magnitude of the current. 
